G
onadotropins secreted by the anterior pituitary are essential for optimal follicle development and spermatogenesis (1, 2) . The luteinizing hormone (LH) binds specific receptors in ovarian theca and mature granulosa cells as well as testicular Leydig cells. In the mammalian ovary, oocytes show a prolonged arrest at the prophase of meiosis I and undergo meiotic maturation only when exposed to the preovulatory LH surge. In testis, up to 75% of germ cells are deleted during spermatogenesis (3) , and LH is a survival factor for these cells (4) . Because LH acts exclusively on somatic cells in gonads, local paracrine factors are likely involved in the regulation of meiotic arrest in oocytes (5) (6) (7) and meiotic progression in male germ cells (8) .
INSL3, also know as Leydig insulin-like hormone, was originally named for its exclusive expression in Leydig cells of fetal and adult testes (9) . However, INSL3 is also expressed in thecal and luteal cells of the ovary (10) . Male INSL3 null mice exhibit bilateral cryptorchidism (11, 12) , whereas female INSL3 null mice show impaired fertility (11) . Recent studies indicated that testis INSL3 acts as an endocrine factor to activate a G proteincoupled receptor, LGR8 (leucine-rich repeat-containing G protein-coupled receptor 8) , in the gubernaculum with increases in cAMP production (13) . Here, we demonstrate the expression of LGR8 in the germ cells of both sexes, as well as the paracrine role of INSL3 in initiating oocyte maturation and preventing male germ cell apoptosis, both of which are mediated by the inhibitory G protein (Gi) pathway.
Materials and Methods
Ovaries were obtained from immature rats at different ages or after treatment with gonadotropins, whereas testes were obtained during development and after treatment with a GnRH antagonist with or without human chorionic gonadotropin (hCG) or INSL3. Total RNA from rat gonads was extracted before Northern blotting and real-time RT-PCR. Some tissue samples were used for in situ hybridization studies.
For evaluating oocyte maturation, cumulus-enclosed oocytes (CEOs) or preovulatory follicles were obtained from pregnant mare serum gonadotropin (PMSG)-treated rats and cultured with different hormones or reagents. At the end of culture, the occurrence of germinal vesicle breakdown (GVBD) in the oocytes was examined after removing cumulus cells surrounding the CEOs.
Seminiferous tubular cells and interstitial cells were isolated after collagenase treatment before in vitro culture with different hormones. For in vivo studies, testes were obtained for weighing, Northern blotting, or apoptosis analyses. Testis DNA was isolated and labeled at 3Ј ends with 32 P-dideoxy-ATP by using terminal transferase. Labeled samples were fractionated through agarose gels for visualization by autoradiography and for ␤-counting of low-molecular-weight DNA fragments. For in situ DNA 3Ј-end labeling, fixed testicular tissues were embedded in paraffin before analysis.
Further information can be obtained in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Results
Northern blot analyses indicated the expression of LGR8 in ovaries of gonadotropin-treated rats (Fig. 1A) . RT-PCR and in situ hybridization studies further demonstrated the exclusive oocyte localization of LGR8 and its absence in cumulus and mural granulosa cells ( Fig. 1 B and C) . The ability of INSL3 to modulate oocyte maturation was tested in vitro. Although spontaneous meiotic resumption, evidenced by the breakdown of the nuclear membrane (germinal vesicle), could be observed in cultured cumulus-enclosed oocytes obtained from preovulatory follicles (Fig. 1D) , treatment with INSL3 dose-dependently augmented oocyte maturation. In contrast, incubation with a phosphodiesterase inhibitor [1-methyl-3-isobutylxanthine (MIX)] completely blocked oocyte maturation. In cultured preovulatory follicles, treatment with INSL3, like LH, induced oocyte maturation in a dose-dependent manner (Fig. 1E ). In addition, treatment with Pertussis toxin (PT), a Gi inhibitor, blocked the INSL3 induction of oocyte maturation, suggesting the mediatory role of the Gi protein. In contrast, treatment with relaxin, insulin, or IGF-I was ineffective. Time course studies further demonstrated that INSL3 induced oocyte maturation as early as 1 h after treatment (Fig. 1F) . Consistent with the reported association between oocyte maturation and decreases in intraoocytic cAMP content (14) , treatment with INSL3 (10 nM) for 60 min suppressed cAMP levels in denuded oocytes from preovulatory follicles (Fig. 1G) . Furthermore, INSL3 induction of oocyte maturation was restricted to preovulatory follicles because INSL3 treatment of antral follicles isolated before PMSG priming was ineffective (oocyte maturation: control, 13.5%; INSL3-treated (100 nM), 16.2%; n ϭ 37 follicles).
These findings suggest that functional coupling of LGR8 to oocyte maturation is induced in preovulatory follicles.
To assess developmental changes in INSL3 expression, realtime RT-PCR was performed. Ovarian INSL3 transcripts increased with the first wave of follicle development in immature rats showing an increase between days 7 and 18 of age ( Fig. 2A) . These data suggest increases in INSL3 expression during early antral follicle development, consistent with an earlier study in mice (15) . Although treatment of 26-day-old rats with PMSG did not alter ovarian INSL3 levels (day 26 vs. PMSG ϩ hCG 0 h), subsequent administration of an ovulatory dose of hCG, an agonist of LH, stimulated INSL3 expression with peak increases at 1.5 h of treatment (Fig. 2 A) . In situ hybridization analyses further confirmed the expression of INSL3 in theca cells surrounding preovulatory follicles (Fig. 2B) . To test INSL3 actions in vivo, local intrabursal administration of INSL3 was performed in PMSG-primed rats. As shown in Fig. 2C , a time-dependent induction of oocyte maturation was evident based on germinal vesicle breakdown found in treated ovaries (Fig. 2D) . Unlike LH͞hCG, treatment with INSL3 alone did not lead to follicle rupture.
We further tested the paracrine roles of the INSL3-LGR8 system in testis. Northern blot analyses indicated that LGR8 transcripts were present in testes of rats at 4 and 6 weeks of age but not before (Fig. 3A) . In situ hybridization analyses further demonstrated that LGR8 is expressed in seminiferous tubules but not in the interstitial cells of adult rats (Fig. 3B) .
LGR8 signals were found in select germ cells (stage XIII, Figs. 3Bb and 5, which is published as supporting information on the PNAS web site). In contrast, INSL3 expression was restricted to interstitial cells. By using biotinylated INSL3 as a tracer, INSL3 binding was found in seminiferous tubular cells but not in interstitial cells (Fig. 3C) . Tubular cells were further treated with INSL3 to activate LGR8. Although basal cAMP production was not affected, INSL3 treatment dose-dependently prevented cAMP increases induced by forskolin (Fig. 3D) . Also, the suppressive effect of INSL3 was blocked by pretreatment with Pertussis toxin. In contrast, although FSH stimulated cAMP production by Sertoli cells in the tubular preparation, cotreatment with INSL3 did not alter cAMP levels (Fig. 3D) .
The role of INSL3 in testis was tested in vivo by using a gonadotropin deprivation model (4). Immature rats were treated for 5 days with a GnRH antagonist with or without INSL3 or hCG. GnRH antagonist treatment decreased testis weight; however, this inhibitory effect was partially blocked by cotreatment with INSL3 or hCG (Fig. 4A) . In contrast, no weight change in kidney or heart was detected (Fig. 6 , which is published as supporting information on the PNAS web site). Northern blot analyses indicated that treatment with the GnRH antagonist decreased testicular INSL3 transcripts, whereas cotreatment with hCG increased INSL3 expression (Fig. 4B) . However, these treatments did not alter testicular LGR8 expression (Fig. 4C) . Analysis of internucleosomal DNA fragmentation further indicated that treatment with the GnRH antagonist increased ladder-like DNA fragmentation characteristic of apoptosis but that cotreatment with INSL3 blocked cell death (Fig. 4D Left) . Quantification of labeled DNA fragments confirmed the antiapoptotic effects of INSL3 (Fig. 4D Right) . In situ staining of DNA fragments (Figs. 4E and 7, which is published as supporting information on the PNAS web site) further indicated that GnRH antagonist treatment induced apoptosis in select germ cells from epithelial cycle stages VI through VIII. In control and INSL3-treated groups, basal apoptotic signals could be seen in stages XIII through I.
Discussion
Mammalian oocytes exhibit prolonged arrest in the meiotic prophase (G 2 ͞M transition). In response to the midcycle LH surge, oocytes of preovulatory follicles resume meiosis, proceeding to the metaphase of the second meiotic division. Dissolution of the nuclear membrane is followed by extrusion of the first polar body. The prolonged arrest of oocytes in the meiotic prophase (G 2 ͞M transition) and subsequent resumption of meiosis is correlated with changes in cAMP levels in the oocyte. Meiotic arrest of the oocyte is most likely maintained by follicular purines that increase oocyte cAMP levels (16); however, changes in hypoxanthine levels could not be found before oocyte maturation was induced by gonadotropin. Although LH stimulates cAMP production in follicular somatic cells, a decrease in intraoocyte cAMP level is required for meiotic resumption (6). Indeed, meiotic arrest is released after injection of an antibody for the stimulatory G protein (17) . Although resumption of meiosis is induced by INSL3 in mammals and by progesterone and insulin in amphibians, a decrease in the intraoocyte cAMP level is an evolutionarily conserved mechanism for regulating meiotic progression (18) . Our findings of transient stimulation of INSL3 expression in theca cells by LH͞hCG, INSL3 suppression of intraoocyte cAMP levels, and INSL3 induction of oocyte maturation suggest a paracrine role of the INSL3-LGR8 system in mediating preovulatory LH actions. Although meiosis-activating sterols (MAS) also induce oocyte maturation in culture (7), the exact role of MAS in mediating LH-stimulated oocyte maturation remains controversial (19) . Because FSH treatment also stimulates a putative paracrine factor from cumulus cells to promote oocyte maturation (20) , INSL3 likely is not the only paracrine factor mediating the gonadotropin induction of oocyte maturation. The ovulatory process consists of oocyte maturation, follicle rupture, and luteinization. Earlier studies indicated that cycling rats treated with inhibitors for the oocyte-specific phosphodiesterase 3 enzyme maintained normal cycling and follicle rupture, but ovulated oocytes were immature and not fertilizable (21) . The present study further confirms the possibility of separating oocyte maturation and follicle rupture, thus providing a basis for fertility regulation with LGR8 modulators.
Most male germ cells undergo apoptosis, perhaps as a mechanism to delete superfluous or defective germ cells (3). INSL3, like LH (4), is a survival factor for male germ cells. The observed stimulation of INSL3 transcripts in the testis by hCG is consistent with earlier studies in hypogonadal mice (22) . Our findings further demonstrate that INSL3 binds to seminiferous tubules by interacting with the LGR8 receptor expressed in meiotic germ cells to activate the Gi protein. In contrast to the stimulatory effects of INSL3 on cAMP production by gubernacular cells (13), LGR8 expressed in germ cells is coupled to the Gi protein.
It appears that G protein coupling of LGR8 depends on the cell type from which it is expressed.
In both female and male germ cells, a complete GPCR͞G protein͞adenylyl cyclase͞phosphodiesterase system exists. Oocyte maturation is regulated by antibodies for Gs (17) and phosphodiesterase 3 inhibitors (23) . Rat oocytes also express adenylyl cyclase AC3 (24) and the inhibitory G proteins (25) . Although LGR8 is the only known functional GPCR found in the oocyte, the adenosine A3 receptor (26) and several odorant receptors are present in male germ cells and are implicated in germ cell maturation and chemotaxis (27) . Male germ cells also express an olfactory type G␣ subunit protein and adenylyl cyclase III (28, 29) . Our data indicate that a low level of cAMP maintained by INSL3-LGR8 may be important for meiotic progression in both female and male germ cells.
Female INSL3 null mice exhibit impaired fertility associated with increases in follicular atresia and premature luteolysis (11, 30) . In contrast, female LGR8 null mice are fertile (31), suggesting the existence of additional intraovarian pathways that participate in the regulation of oocyte maturation (32) . For males, deletion of either the INSL3 or LGR8 gene led to bilateral cryptorchidism and impaired spermatogenesis (11, 12, 31) due to defective gubernaculum development during embryogenesis. Defective spermatogenesis was attributed to the secondary effects of undescended testes, and surgical correction of cryptorchid testes in INSL3 null mice partially corrected male infertility (33) . Because paralogous genes for both INSL3 and LGR8 are expressed in testis (34, 35) , survival of male germ cells could be regulated by redundant signaling systems.
A unified picture of the gonadotropin regulation of germ cell function is emerging. LH, in addition to promoting androgen production by ovarian thecal cells and testis Leydig cells, stimulates INSL3 biosynthesis. INSL3, in turn, activates Gi-coupled LGR8 to initiate oocyte maturation and suppress male germ cell apoptosis. Although INSL3 is secreted into general circulation during fetal life, the present data highlight its paracrine role in female and male gonads. Testis from control animals (C) and those treated with both INSL3 and the GnRH antagonist showed basal apoptotic staining in selective germ cells in stages XIV to I of the seminiferous epithelial cycle. Because of random sectioning, only selected stages are shown. Some tubules were labeled as II-V because these stages could not be discerned by using propidium iodide staining.
